The activity of membrane-bound NADH oxidase of Vibrio anguillarum M93 (serotype J-O-1), which causes vibriosis in freshwater area was activated by Na þ in the same manner as other marine Vibrios. However, in addition to Na þ , K þ was also found to positively enhance the NADH oxidase activity of strain M93. This tendency has not been recognized in other marine Vibrios. Furthermore, the Na þ -dependent NADH oxidase of strain M93 required less Na þ (0.1 M) for its maximum activity than those of other Vibrios such as Vibrio alginolyticus and 'Vibrio angustum' S14, which were in the range of 0.4 M NaCl, similar as seawater. Destruction of H þ motive force by a proton conductor carbonylcyanide m-chlorophenylhydrazone (CCCP) revealed high dependency of V. anguillarum on the primary H þ pump. Even at pH 8.5, V. anguillarum strains other than serotype O-4 could not grow well with the addition of CCCP. In contrast, marine-type Vibrios such as V. alginolyticus and V. angustum S14 can grow well at pH 8.5 even with the addition of CCCP. The lower requirement for Na þ in V. anguillarum probably reflects the salinity of their original habitats.
Introduction
Why do marine bacteria require Na þ for growth? This has long been a major question for marine microbiologists, and studies have uncovered a few Na þ functions in marine bacteria, such as Na þ stabilization of the cell membrane, Na þ -dependent active transport, and £agellar motility [1^5] . Besides these physiological Na þ functions, it was reported that marine bacteria possessed a Na þ -dependent respiratory chain (Na þ -NQR, Na þ -NADH :quinone oxidoreductase ; primary Na þ pump) in addition to the H þ -dependent respiratory chain [2,6^12,23] . From a bioenergetic point of view, the Na þ -rich and alkaline environment of the sea must make it advantageous for marine bacteria to possess a primary Na þ pump in addition to the primary H þ pump [12] . Vibrio anguillarum is a well-known ¢sh pathogen that requires around 2% NaCl for optimal growth [13, 14] . This pathogen has caused serious damage to aquaculture systems worldwide, especially salmon cultures in brackish and coastal water regions. An unusual case is a vibriosis by V. anguillarum that occurs to landlocked salmonoid in freshwater areas in Japan [15, 16] . Although this pathogen was detected from bottom sediments of freshwater areas by an indirect immuno£uorescence method with a speci¢c monoclonal antibody [15, 17] , it has never been detected by conventional culturing methods. The infectious process and ecology of the pathogen in freshwater regions remain unclear. When V. anguillarum cells were exposed to sterilized freshwater directly, their ability to form colonies on agar plates and their pathogenicity to ¢sh disappeared rapidly [18^20]. The main reason for this rapid loss of culturability seems to be the lack of Na þ in freshwater [18] .
In this report, we demonstrate the presence and describe the characteristics of a Na þ -dependent respiratory chain in V. anguillarum isolated from freshwater ¢sh killed by vibriosis. The relationship between the characteristics of the primary Na þ pump and the salinity of the original habitat is also discussed.
Materials and methods

Bacterial strains
In the bacterial growth experiments under the presence of a proton conductor, carbonylcyanide m-chlorophenylhydrazone (CCCP, Sigma), 28 strains of Vibrio species were used as shown in Table 1 . V. anguillarum M93 was originally isolated from diseased freshwater ¢sh, Plecoglossus altivelis (Salmoniforms) in Lake Biwa, Japan. It causes vibriosis in freshwater and seawater ¢sh [20, 21] . Its Japanese serotype is J-O-1, which probably corresponds to the Danish serotype O-2 [17] . Na þ -NADH oxidase activities and inhibitory e¡ects on the activities by 2-heptyl-4-hydroxyquinoline-N-oxide (HQNO, Sigma) were measured with V. anguillarum M93, and V. anguillarum serotype O-4. V. anguillarum serotype O-4 is more common in the marine environment [22] . 'Vibrio angustum' S14 (Vibrio sp. CCUG15956) and Vibrio alginolyticus were used as representatives of marine Vibrio. V. alginolyticus was known to possess a marinetype Na þ -NQR [23] .
Growth with CCCP
Strains were pre-incubated in a VNSS medium, a complex medium for marine bacteria [24, 25] . For pH control, 40 mM of MES, MOPS and Tricine were used at pH 6.5, 7.5 and 8.5, respectively. All strains were inoculated and incubated in VNSS media with 5, 10 and 15 WM CCCP at pH 6.5, 7.5 and 8.5, respectively. These values of CCCP corresponded to the minimum concentrations that inhibited the growth of V. anguillarum M93 at each pH. Cultures were incubated at 20 ‡C with shaking (rpm 180). As for a control, bacterial growth was estimated by measuring optical density at 450 nm (OD 450 ) when each strain reached early stationary phase without CCCP. All strains grew well in VNSS media without CCCP. Growth values with CCCP were expressed as a percentage to OD 450 at early stationary phase in VNSS media without CCCP at each pH. Thus, %growth = (OD 450 with CCCP)U100/ (OD 450 without CCCP).
Preparation of membrane fraction and NADH oxidase assay
Marine minimal medium (MMM), a chemically de¢ned medium, was used [26] . The composition of MMM was as follows : 0.2% glucose, 9.52 mM NH 4 Cl, 1.32 mM K 2 HPO 4 , 40 mM MOPS in NSS (pH 8.0; [24] ). Log phase cells were harvested and membrane fractions were prepared by an osmotic lysis method [27] . The membrane fractions were suspended in 10 mM NaCl, 20 mM TrisĤ Cl (pH 8.0) and 10% glycerol, and kept at 20 ‡C until measurements of NADH oxidase activity.
NADH oxidase activity was measured from the decrease in absorbance at 340 nm at 30 ‡C. The standard assay mixture contained 20 mM Tris^HCl (pH 8.0), 0.2 mM NADH, 0.2 M salt (NaCl, KCl or LiCl), and 10^30 Wg of membrane protein in a ¢nal volume of 1 ml. HQNO was used to observe the inhibitory e¡ects on Na þ extruding segments [7, 28, 29] .
Protein concentration was determined as described by Lowry et al. [30] by using a Modi¢ed Lowry Protein Assay 23240 Kit (Pierce).
Results
E¡ect of CCCP on bacterial growth
The growth of various Vibrio strains with CCCP under Table 1 List of bacterial strains used Bacteria Serotype Source Strain no. various pH conditions is summarized in Fig. 1 . With the addition of CCCP, there is a tendency that Vibrio strains grow at pH 8.5 but not at pH 6.5. Compared with other Vibrio species, V. anguillarum strains with the exception of serotype O-4 were more sensitive to CCCP. Even at pH 8.5, no V. anguillarum strains except serotype O-4 could grow well. Other Vibrio species, except V. mimicus, V. splendidus and V. ¢scheri could grow well at pH 8.5 even in the presence of CCCP. V. angustum S14 and V. alginolyticus, which were used for further NADH oxidase assay, also showed a typical pattern of marine bacteria. Even with CCCP, both strains grew well at pH 8.5.
E¡ects of monovalent cations on NADH oxidase of bacterial membrane fractions
NADH oxidase in membrane fractions prepared from V. angustum S14 required Na þ as speci¢cally as did those of V. alginolyticus (Fig. 2C and D) . NADH oxidase in membrane fractions from V. anguillarum M93 and serotype O-4 also required Na þ for maximum activity ( Fig. 2A  and B) . However, with the V. anguillarum strains, K þ also stimulated the NADH oxidase activities. The NADH activities of these strains with K þ reached 60^70% of the activities with Na þ ( Fig. 2A and B) . The NADH oxidase activity of V. anguillarum M93 reached the maximum level at 0.1 M NaCl, as in saline (Fig. 2A) . The NADH oxidase activity of V. anguillarum serotype O-4 reached the maximum level at 0.1^0.2 M NaCl (Fig. 2B) . On the other hand, NADH oxidase activities of V. angustum S14 and V. alginolyticus reached their maxima at 0.4 M NaCl, as in seawater (Fig. 2C and D) .
E¡ects of inhibitor HQNO on NADH oxidase of bacterial membrane fractions
The respiratory inhibitor, HQNO, strongly inhibits the Na þ -translocating activity of Na þ -NQR. When more than 0.5 WM of HQNO was added to the membrane fractions, the NADH oxidase activities of V. anguillarum M93, V. anguillarum serotype O-4, V. angustum S14 and V. alginolyticus were totally inhibited (Fig. 3) . This means that all tested Vibrio strains require active Na þ extrusion sites for their active NADH oxidation in membrane fractions. . Growth values were expressed as the percentage to OD 450 in the early stationary phase in VNSS without CCCP at each pH. CCCP concentrations were 5 WM at pH 6.5 (light gray box), 10 WM at pH 7.5 (dark gray box), and 15 WM at pH 8.5 (black box). Experiments were repeated at least three times, and standard deviation bars are shown.
Discussion
The presented enzymatic experiments showed that V. anguillarum M93, V. anguillarum serotype O-4, and V. angustum S14 possess Na þ -dependent NADH oxidase (Fig. 2) . Na þ -NQR (primary Na þ pump) of V. alginolyticus consists of three major di¡erent subunits, K, L and Q, and catalyzes the initiatory reaction of the respiratory chain. The L subunit functions as NADH oxidase and its activity was measured in this study. The K and Q subunits are regarded as components to extrude Na þ across the cell membrane [23] . These three subunits are linked together and an inhibition of any of the sites stops all other functions [31] . The NADH oxidase activities in V. anguillarum M93 and O-4 and V. angustum S14 were all stimulated by Na þ (Fig. 2A , B and C) and inhibited by HQNO (Fig. 3) . This indicates that the three strains possess Na þ -dependent NQR like other Vibrios. The existence of genes for the Na þ -NQR in V. anguillarum M93 and V. angustum S14 was also con¢rmed by polymerase chain reaction with primers of Na þ -NQR from V. alginolyticus (Kita-Tsukamoto, unpublished data).
While the Na þ -dependent NADH oxidase did exist in V. anguillarum M93 and O-4, the speci¢city for monovalent cations (Na þ , K þ and Li þ ) was di¡erent from that in V. angustum S14 and V. alginolyticus. V. angustum S14 and V. alginolyticus showed more than two-fold increase in the activity when Na þ was added, compared with K þ and Li þ (Fig. 2) . According to Oh et al. [10] , NADH oxidase is considered to be speci¢c for a certain cation when that cation activates the NADH oxidase more than two-fold compared with other cations. Judging from this criterion, it is clear that V. angustum S14 possesses NADH oxidase that is speci¢cally dependent on Na þ , just as other Vibrios do. The NADH oxidase of V. anguillarum M93 and serotype O-4 was also highly activated by Na þ , however K þ also enhanced the activity up to 60^70% of that with Na þ . This tendency exhibited by V. anguillarum has never been recognized in any other Vibrios. This indicates a qualitative di¡erence in the Na þ -dependent NADH oxidase of V. anguillarum and those of other Vibrios such as V. angustum S14 and V. alginolyticus.
The response of the Na þ -dependent NADH oxidase to the Na þ concentration was also di¡erent among V. anguillarum strains and other Vibrios. The NADH oxidase activities of V. angustum S14 and V. alginolyticus reached their maxima at a concentration of 0.4 M NaCl, the natural seawater level (Fig. 2C and D) . In contrast, the NADH oxidase of V. anguillarum M93 showed maximum activity at a lower NaCl concentration (0.1 M), and its activity slightly decreased in accordance with the increase of NaCl concentration (V0.4 M) ( Fig. 2A) . V. anguillarum O-4 also reached the maximum Na þ -NADH oxidase activity at lower concentrations of NaCl (0.1^0.2 M). Different from strain M93, strain O-4 maintained the same level of the activity at higher NaCl concentrations (Fig.  2B) . As strain M93 was isolated from a freshwater ¢sh and strain O-4 was isolated from natural seawater, the di¡er- ence in the NADH oxidase activity between these two strains probably re£ects the di¡erence in their original habitats of freshwater and seawater. Even without added NaCl (0 M), NADH oxidase of strains M93 and O-4 showed some activity (around 0.5 Wmol min 31 mg protein 31 ) ( Fig. 2A and B) . This is probably caused by the small amount of NaCl (0.1 mM) in the bu¡er solution of bacterial membrane fractions. Marine Vibrios did not show such a tendency (Fig. 2C and D) .
It was reported that V. cholerae also possessed Na þ -dependent NQR [6] . Na þ speci¢cally activated NADH oxidase of V. cholerae, but neither K þ nor Li þ did. This tendency is similar to that of marine-type Vibrios such as V. angustum S14 and V. alginolyticus. However, the activity of the Na þ -dependent NADH oxidase in V. cholerae reached the maximum at relatively lower Na þ concentration, around 0.1 M [6] . This tendency is similar to that of V. anguillarum. From this point, Na þ -NQR of V. cholerae seems to be similar to that of V. anguillarum.
When CCCP, a proton conductor, collapses the electrical potential (vi) produced by the H þ gradient across a cell membrane, bacterial cells that depend only on proton motive force are unable to acquire energy through respiration and die [12] . At pH 8.5, CCCP could not destroy the vi generated by V. alginolyticus. This is because V. alginolyticus uses a Na þ motive force instead of a H þ motive force at pH 8.5 [32] . With the addition of CCCP, even at pH 8.5, V. anguillarum strains other than serotype O-4 could not grow well (Fig. 1) . This means that, even at higher pH, V. anguillarum is probably more dependent on vi produced by H þ than by Na þ . Luminescent marine Vibrios, such as V. ¢scheri and V. harveyi, also possessed a primary Na þ pump (Na þ -NQR) and their luminescence seemed to link to the sodium motive force bioenergetically [33] . With the addition of CCCP at pH 8.5, V. harveyi could grow well and luminesce, but V. ¢scheri could not ( Fig. 1; [33] ). Wada and Kogure [33] suggested two possible reasons for this. One was a qualitative di¡erence in their primary Na þ pumps, and the other was a quantitative di¡erence in the number of functional Na þ pumps. The present study has shown that at least there are qualitative di¡erences among the primary Na þ pumps in Vibrios.
In this study, it was revealed that (1) V. anguillarum M93 from a freshwater area possesses a Na þ -dependent NADH oxidase that is characteristic of marine bacteria; however, (2) V. anguillarum M93 is less dependent on the Na þ motive force than are marine bacteria; and furthermore, (3) the Na þ -dependent NADH oxidase of V. anguillarum M93 is adapted to lower salinity environments. V. anguillarum often infects salmon group ¢sh, and this type of ¢sh migrates between freshwater and seawater. Thus, V. anguillarum that attaches to the ¢sh experiences various salt concentrations, di¡erent from other marine bacteria. The characteristics of the Na þ -dependent respiratory chain of V. anguillarum probably re£ect this ecological background with relating lower Na þ concentrations. The present results highlight the possibility that a respiratory chain, one of the essential metabolic pathways, evolutionary adapts to the microbial life styles and habitats.
We are now sequencing the full gene (V7 kb) of Na þ -NQR in V. anguillarum to produce Na þ -NQR deleted mutants. The Na þ -NQR mutants of V. anguillarum will be helpful and useful to clarify the eco-physiological functions of Na þ -NQR, especially under natural starvation conditions.
